Abstract-An ultraviolet (UV)-excimer-laser-based cleaving procedure for silica fiber has been developed that enables automated cleaving for high-volume production of fiber-optic assemblies. A selective ablation of the glass in the form of a small rectangular cavity serves as a fracture initiator when the fiber is put under stress. The position of the UV-excimer-laser-induced scratch is very precise. The system provides high-quality cleaves on single-fiber and ribbon configurations. The end angle of the cleaved optical fiber is measured using a noncontact optical interferometer system and was 0.85 for perpendicular cleavages. Insertion loss after splicing is in the range of 0.03 dB, which is compatible with mechanical-cleaved fibers.
I. INTRODUCTION
T HE EXPLOSIVE growth of the fiber-optic industry, caused by the proliferation of broad-band telecommunications, is placing increasing demands on all aspects of fiber-optic technology. Fiber-optic networks incorporate a broad range of components, exhibiting high degrees of functionality. In some cases, these components are exposed to hostile environmental conditions, addressing the need to perform without failures for an extended period of time. It is clear that in order to meet these requirements, there is a growing need for highly reliable manufacturing methods that can provide the necessary product functions with high yields. With respect to that, fiber processing steps like protective coating removal and cleaving in order to pigtail passive devices and to terminate optical fiber cables have experienced almost no technological advances during the last decade. This paper reports on the development of an ultraviolet (UV)-excimer-laser-based cleaving procedure that enables automated cleaving for high-volume production of fiber-optic assemblies. 
II. TERMINATION OF OPTICAL FIBERS

A. Using Mechanical Cleavers
A mechanical fiber cleave is typically accomplished by first putting the fiber under tension and then using a mechanical blade that scores the fiber in order to initiate the crack propagation. The stress pattern present in the fiber determines, to a large extent, the direction of this crack propagation and the surface morphology of the obtained cleave facet. At present, this mechanical cleave procedure is still intensively used in field situations but also in manufacturing environments, in spite of the fact that it exhibits some serious drawbacks. Mechanical cleaving parts are sensitive to wear over time, and the operation of mechanical cleavers primarily relies on precision moving parts, including a sharp cutting blade. Sharp blades in particular are prone to physical damage such as chipping and to misalignment, which requires readjustment over time. As a result, mechanical cleaving procedures, in their current form, are hardly considered for automation. They turn out to be processes where operator skills and experience are critical factors for the success of the final product. However, cleave quality is critical for ensuring low-reflectance terminations and enabling optimum-performance fiber-optic components and systems. Poor cleaves can cause cracks and scratches at the end of the fiber, which adversely affects the optical performance. Cracks and scratches can sometimes be corrected by polishing, but polishing is time consuming and generally increases the cost of the product. Furthermore, in the case of ferrule configurations, cracks caused by a poor cleave can sometimes extend below the surface of the ferrule.
B. Using CO Lasers
Initially, CO laser cutting was explored to cut excess optical fiber that protruded from a ferrule, prior to mechanical polishing. Soon it became apparent that laser-based methods, as an alternative to mechanical procedures, might have the potential to provide unprecedented accuracy and versatility to terminate and shape fiber ends in a manufacturing environment. In contrast with mechanical methods, cutting under an angle of 45 was shown to be feasible, opening up possibilities for vertical-cavity surface-emitting laser (VCSEL) coupling to fibers and waveguides [1] . In addition to cutting, CO laser stripping was found to be more attractive than mechanical and chemical/thermochemical or acid-strip procedures. The advantage of laser-assisted noncontact strip methods lies in the fact that precise ends or windows can be stripped without altering the tensile strength properties of the stripped fibers [2] . Finally, low-power-density 0733-8724/$20.00 © 2005 IEEE continuous-wave (CW) CO laser light exposure to optical fiber ends was found to result in a decrease of the surface roughness by more than one order of magnitude [3] .
The mechanism is absorptive, with strong thermal heating, so when CO lasers are used in a cutting arrangement where the focused beam is translated across the fiber in order to realize a progressive cut of the glass, unwanted thermal conduction and diffusion effects can come into play. Ultimately, this can lead to fiber end flare, uncontrolled core diffusion, and a curved fiber facet. Improved cut results were reported when using an asymmetric beam profile of the 9.4-9.8-m lines instead of the generally used 10.6 line, reducing the heat-affected zone [2] .
C. Using UV Lasers
To our knowledge, the potential of UV excimer lasers has not been studied for cleaving of silica fibers. Despite the fact that silica glass is still fairly transparent for the UV excimer wavelengths, when used in a short-pulse regime, ablation phenomena preferentially can take place [4] . This can be exploited to selective removal of the silica material in order to induce a scratch or cleave.
In this paper, a UV-excimer-laser-based cleaving procedure for silica fiber has been developed that enables automated cleaving for high-volume production of fiber-optic assemblies. Due to the typical interaction of UV excimer laser light with silica glass, thermal effects resulting in local melting of the fiber do hardly occur, as is the case with CO lasers. A selective ablation of the glass in the form of a small rectangular cavity can serve as a fracture initiator when the fiber is placed under stress. The position of the UV-excimer-laser-induced scratch can be more precise than with a classic diamond tool. The system is operator independent and provides consistent high-quality cleaves on single-fiber and ribbon configurations. The approach is not limited to perpendicular cleaved ends; also angular cleaves of the order of 8 and larger can be made in a reproducible way.
III. EXCIMER LASER ABLATION OF GLASS MATERIALS AND FIBERS
High-resolution ablative pulsed laser micromachining of materials requires photons to be absorbed strongly in submicrometer depths on the surface on time scales less than it takes for heat to diffuse away from the irradiated region. This requires photon absorption depths in the material to be 0.1 m, which, in turn, requires absorption coefficients to be cm . In general, for photon energies exceeding a materials bandgap, absorption becomes stronger as wavelengths become shorter. Thus, nanosecond pulses from ArF (at 193 nm) and KrF (at 248 nm) excimer lasers are commonly used for micromachining a wide range of materials having bandgap energies 6.4 eV. However, materials that have higher bandgap energies (e.g., silica) have remained notoriously difficult to micromachine with high resolution using ArF or KrF lasers. The bandgap of SiO is 9.1 eV, requiring a photon wavelength of 136 nm. However, some very moderate absorption peaks can be detected between 4 and 7 eV due to contamination and defects or impurities, allowing ablation with nanosecond excimer pulses. It is observed, however, that the circular geometry of the fiber acts as a lens for the laser beam and focuses the incident light somewhere underneath the fiber. As a result, the laser spot size is highly concentrated on the lower fiber surface, and the threshold ablation intensity of the fiber is reached, for a relatively low fluence of the incident laser beam. This initiates the ablation of a small cavity with rectangular shape. In order to study this phenomenon in more detail, it has been simulated for a standard 125-m glass fiber, assuming that the incident laser rays are parallel and that the laser fluence is homogeneous over the entire beam area. The laser rays are traveling perpendicular to the fiber axis. An end view of the fiber shows the refraction of the laser light (Fig. 1) . The size of the ablated cavity at the bottom of the fiber is 18 m for 193-nm laser light, and 19 m for 248-nm laser light. This is experimentally proven using an ArF laser; the size of the cavity using a KrF laser was highly dependent on the ablation parameters (fluence and number of laser pulses). In [5] , the intensity profile at the bottom of the glass fiber is calculated for KrF laser light; it is found that the positions that receive the highest laser intensity are not at the center but at the two ends of the narrow-focused region. This has been experimentally observed and will be discussed hereafter. Although a few experiments have been performed using an ArF excimer laser, the paper focuses on the results obtained by a KrF excimer laser.
IV. DESIGN OF THE FIBER HOLDER
Current art in mechanical cleaving is focused on the combination of two principal ways of cleaving an optical fiber: the "score-and-bend" technique and the "tension-and-score" technique. In the score-and-bend approach, a flaw is created in the optical fiber using a sharp blade (diamond or tungsten carbide). The fiber is then stressed in the area of this flaw, by bending, such that the tension created by the bend serves to open up the crack, propagating across the fiber, and thereby cleaving it. In the tension-and-score approach, the optical fiber is clamped at two points, and tension is applied with a force of around 200 g. The tensioned fiber is then nicked with a sharp edge, and the resultant crack propagates automatically due to the already applied tension in the fiber. This method produces cleaved ends that are typically flatter than the score-and-bend method, with less cracking in the region of the blade strike. However, this method does not readily lend itself to cleave multiple fibers at one time. For that reason, the score-and-bend technique is Fig. 2 . Schematic cross section of the fiber holder; the fiber is stretched over an anvil in order to generate stress that opens up the crack. Fig. 3 . Photograph of the fiber holder that is placed on the translation table of the laser ablation setup. chosen, with the possibility of introducing pure tension (Fig. 2) , which might be necessary to produce an angled cleaved facet.
The stress introduced by stretching the fiber over an anvil is tensile on the outside bend of the fiber and zero on the inside bend of the fiber. This is not the same as simply bending the fiber: pure bending would give compression on the inside of the bend, with a neutral axis half way across the fiber. In stretching the fiber over an anvil, compression on the inside of the bend is countered by the tension generated by the lengthening of the fiber, required to stretch it over the anvil. When the crack is initiated at the outside of the bend, the tension is high, and the necessary initiation scratch is small, but as the cleave progresses, the tension decreases, preventing the cleave from traveling too fast and producing hackle. The crack will travel perpendicularly across the fiber because it always experiences positive tension.
The fibers are clamped into a single-fiber holder of Newport with V-grooves (Fig. 3) . This has the effect of providing secure clamping of the fiber and decreases the possibility that the fiber will rotate during clamping, which would introduce torsion into the cleaved fiber. The fiber holder is slightly adapted to cleave multiple fibers. Using laser ablation, we fabricated an array of U-grooves in poly(methyl methacrylate) (PMMA) to clamp the array of fibers. This is discussed herafter. Using an -translation stage, the anvil can be translated with very high accuracy. The height of the anvil is varied in order to optimize the cleaved facet. All experiments are done using non-dispersion-shifted glass fiber [International Telecommunications Union Telecommunication Standardization Sector (ITU-T) G.652]. The fiber coating is removed prior to laser cleaving by a mechanical method, and the fiber is cleaned using isopropyl alcohol.
V. EXPERIMENTAL RESULTS
A custom-built laser ablation setup (OPTEC, Frameries, Belgium) is used in all the work presented in this paper. This consists of a KrF excimer laser (248 nm), a frequency-tripled Nd-YAG laser (355 nm), and a CO laser (9.6 m). This setup is used for different applications but, in the framework of this research, oriented toward the integration of optical interconnections on printed circuit boards [6] and drilling microvias in high-density boards and flex. The laser ablation workstation consists of a computer-controlled beam manipulation section and a high-accuracy motorized sample stage on which the fiber holder is positioned. High-reflection mirrors direct the beam through a mask that is imaged onto the sample surface by the projection lens.
A. Single Fiber
Despite the fact that silica glass is still fairly transparent for the KrF excimer laser wavelength (248 nm), when used in a short-pulse regime (3-7 ns), ablation phenomena preferentially can take place in order to induce a scratch or cleave. The best results are obtained by applying only a single shot to cleave the fiber. For that reason, the laser fluence must be high enough to reach the ablation threshold at the bottom of the fiber, 8 J/cm , to allow single-shot cleavages. The mask that is used for shaping the laser beam must not be too small: the projection lens, with a demagnification of 10, projects the mask with a width of 200 m to a scratch of 20 m. A smaller mask does not allow single-shot cleavages. In the direction perpendicular to the fiber axis, the laser beam covers the full width of the fiber, but as discussed in a previous section, the circular geometry of the fiber acts as a lens for the laser beam in that direction. Using the score-and-bend technique, the anvil is stretched over the fiber after the ablation of the score. A travel of 200 m of the anvil is sufficient to cleave the fiber. Typical parameters are listed in Table I . As can be seen in Fig. 4 , the scratch at the bottom of the fiber is divided into two parts. This is the effect that is described in the previous section: the highest energy intensities are not located in the center, but at the two ends of the narrow-focused region. By using only one pulse, the ablation threshold is only reached there, thus minimizing the size of the scratch. The quality of the fiber end facet, as seen under the scanning electron microscope (SEM), is comparable to that obtained with mechanical-cleaved fibers.
Another approach that has been investigated is the bend-and-score approach. The fiber is tensioned by stretching the anvil over the fiber and then nicked with the laser. The resultant crack propagates automatically due to the already applied tension in the fiber. The results obtained by using this method are worse compared with the score-and-bend method. The reason could be that the laser pulse is not yet finished in time when the crack already starts to propagate, resulting in a lip that breaks off at the top of the fiber.
B. Fiber Ribbon
The previously described approach is not limited to single fibers: exactly the same principle can be used to cleave arrays of fibers. The coating of the fiber ribbon is removed by a thermomechanical method. Note that it is possible to strip fiber ribbons using UV laser ablation [7] , but this was not adapted in this paper.
The fiber holder is slightly adapted to cleave multiple fibers. Using laser ablation, we fabricated an array of U-grooves in PMMA to clamp the array of fibers. This PMMA plate containing the U-grooves is mounted on the fiber holder setup (Fig. 3) .
In Fig. 5 , an SEM picture is shown of a laser-ablated fiber ribbon. The same score-and-bend method as used for single fibers is used for fiber arrays. In a first step, the scratches are applied on the individual fibers; this can be done very fast by the motorized ablation stage. In a second phase, the anvil is stretched over the array of fibers, and the fibers are all cleaved at the same time.
VI. CHARACTERIZATION
The end angle of the cleaved optical fiber is measured using a noncontact optical interferometer system (Norland ACCIS NC-3000). This measuring setup is designed to measure submicrometer variations in the surface contours of fiber-optic connectors. In order to measure fiber cleave facets, prior to measurement, the fibers are inserted into a bare fiber adapter AQ-9302 from ANDO. This configuration can be inserted into the connector mount of the non ontact interferometric system. The latter operates in the red-light mode ( 660 nm) exploiting phase shift interferometry to map the surface of the cleaved facet. The cleave angle is calculated by finding the best-fit plane inside the region, where the interference fringes are apparent. The shape and distribution of the fringes also provide valuable data on the topography of the fiber end facet.
Figs. 6 and 7 represent a statistical distribution of the surface profile of laser-and mechanical-cleaved facets. In order to be able to understand these figures, an overview of all possible defects on the fiber end face facets is given, along with a descrip- tion of whether the defect is visible on the measured samples. Fig. 8 [8] represents three specific defects with the typical interference fringes. Note that these pictures indicate severe defects, which did not show up in the measurements in such a way.
1) Indent [ Fig. 8(a) ]-the intentionally introduced flaw in the fiber from which the controlled fracture propagates. An effective indent must have smooth, definable borders and a minimal depth. For that reason the scratch is ablated using only one single laser pulse, reducing the size of the indent. The defect is visible for both laser-cleaved fibers (Fig. 6 ) and mechanical-cleaved fibers (Fig. 7) . 2) Lip/Roll-Off [ Fig. 8(b) ])-a sharp protrusion from the edge of the cleaved fiber; excessive lip height is conducive to fiber damage. The opposite condition of lipping, excessive roll-off can cause high insertion or splice losses. This defect appeared using the bend-and-score approach but is eliminated using the score-and-bend method. 3) Chip-localized fractures or breaks; their significance depends on their size and location. When applying multiple laser pulses, a chip becomes an important defect, but it does not appear for single-shot cleavages. 4) Hackle/Mist [ Fig. 8(c) cations. The defect is not visible using the laser cleaving approach. The end angle of the cleaved optical fiber can be derived from the number of fringes, and is compared in Table II for laser-cleaved and mechanical-cleaved fibers, all for perpendicular cleavages. Average and standard deviation are based on ten measured samples. The laser-cleaved fibers had an average angle deviation of 0.85 and a standard deviation of 0.48 . This can be compared with an average of 0.78 and a standard deviation of 0.52 for mechanical-cleaved fibers. In general, an end angle less than 2 yields acceptable fusion splices. First measurements using the cutback method have proven that insertion loss is in the range of 0.03 dB, which is compatible with mechanical-cleaved fibers.
VII. CONCLUSION
In this paper, a UV-excimer-laser-based cleaving procedure for silica fiber has been developed that enables automated cleaving for high-volume production of fiber-optic assemblies. Due to the typical interaction of UV excimer laser light with silica glass, thermal effects resulting in local melting of the fiber do hardly occur, as is the case with CO lasers. A selective ablation of the glass in the form of a small rectangular cavity can serve as a fracture initiator when the fiber is placed under stress. The position of the UV-excimer-laser-induced scratch can be more precise than with a classic diamond tool used in mechanical cleavers. The system is operator independent and provides consistent high-quality cleaves on single-fiber and ribbon configurations. The approach is not limited to perpendicular cleaved ends; also angular cleaves of the order of 8 and larger should be possible.
The end angle of the cleaved optical fiber is measured using a noncontact optical interferometer system and had an average of 0.85 and a standard deviation of 0.48 for perpendicular cleavages. Insertion loss after splicing is in the range of 0.03 dB, which is compatible with mechanical-cleaved fibers.
